The mobility of dislocations has been investigated in WE43 magnesium alloy during recovery and recrystallisation for samples deformed plastically, at different degrees of plastic deformation and temperatures. The dislocation density decreases within the temperature range 550 K-650 K, in good agreement with the characteristic recovery temperature of this alloy, 630 K. New dislocations located at the grain boundaries start their movement from 650 K onwards. During recrystallisation, which has a characteristic temperature of around 700 K, the density of dislocations decreases and the possibility of movement of the dislocations also decreases, due to the development of internal stresses during the growth of new strain-free grains.
Introduction
Magnesium alloys are used in aerospace, automotive and electronic industries, where weight reduction is critical, since they offer low density, high specific strength and high damping capacity. [1] [2] [3] [4] [5] [6] Unalloyed magnesium has a low strength and high damping due to the easy motion of dislocations at room temperature. [1] [2] [3] [4] [5] [6] In addition, for commercial pure and high purity magnesium, dislocation and grain mobility are developed through the absorption of vacancies. After quenching from 823 K, the vacancies in excess are consumed at 420 K, and then the mobility of grain boundaries and dislocations decreases strongly. New vacancies generated by heating at temperatures over 500 K are required for unpinning dislocation and grain-boundary structures. 7) Alloying commercial pure magnesium improves its poor strength, leading to the decrease in the damping capacity due to weak dislocation pinning. [1] [2] [3] [4] [5] [6] [7] [8] Among commercial magnesium alloys, WE43 (Mg, 4 mass% Y, 3.4 mass% Nd, 0.7 mass% Zr) alloy has some of the best mechanical properties at high temperatures and exhibits good corrosion resistance. 1, 2, 4) In addition, WE43 alloy presents age-hardening by ageing at 473 K. 9, 10) Moreover, the development of a precipitation process beginning at temperatures of about 640 K has been reported more recently. 11, 12) This high temperature precipitation process consists of two stages. A hexagonal phase, called P1, develops until around 10000 seconds and for longer ageing times a monoclinic phase, called P2 is developed. P1 is responsible for the modulus increase of the alloy. However, P2 decreases the modulus of the material by unpinning the dislocations. 11, 12) In addition, the reversion of the precipitates promoted by this high temperature precipitation process occurs above 700 K.
The processes of dislocations dynamic are adequately investigated by mechanical spectroscopy (MS), a technique involving mechanical damping and elastic modulus measurements as a function of both temperature and strain. It is a nondestructive technique and a fundamental tool for studying the movement of dislocations and their interaction with lattice defects. [13] [14] [15] In the present work, we discuss the mobility of dislocations in plastically deformed commercial WE43 magnesium alloy by means of mechanical spectroscopy tests performed as a function of both, temperature and strain. The obtained results are correlated with the concentration of vacancies determined by positron annihilation lifetime spectroscopy (PALS).
We explored two temperature ranges. The first one from room temperature up to 550 K and the second one from 550 K up to 700 K. In the higher temperature range, recovery and recrystallisation processes occur and their effects on the mobility of dislocation are studied. In the lower temperature range, we studied the contribution of vacancies generated by plastic deformation to the mobility of the dislocation.
It should be pointed out, that it exists a lack of information in the literature concerning to the mobility of dislocations in WE43 magnesium alloy. Therefore, we have investigated this matter in the present work in a wide temperature range, including the high homologous temperature range (about 50% of the absolute melting temperature); which is of high interest for improving the mechanical properties of the magnesium alloys at high temperatures.
Experimental

Samples
The studied samples were obtained from commercial WE43 magnesium alloy cast bars, provided by Magnesium Electron, Manchester, UK. Homogenisation treatment was performed under argon atmosphere at normal pressure, at 823 K for 1 h, followed by quenching in water at room temperature (RT).
After homogenisation some samples were stretched in air using an Instron 9540, series IX automated materials testing system machine, both at different degrees of plastic deformation (1% and 10%) and at different temperatures (300 K and 643 K). The active part of the samples used for plastic deformation tests were cylinders of 5 mm diameter and 30 mm of length.
Samples stretched at 643 K were subsequently mechanically polished for removing the superficial layer of oxide and subjected to X-ray studies for corroborating the elimination of the oxidised superficial layer. X-ray diffraction studies were performed in an X'Pert Phillips 5000 powder diffractometer working in reflection mode at room temperature. Cu K radiation with monochromator was used as incident radiation. The tube working conditions were 40 kV and 20 mA. The 2 range was scanned between 20 and 80 with steps of 0.02 . The counting time was of 30 seconds by step. Each one of the four stretched cylinders was cut with a kerosene cooled low speed saw along the axis of the cylinder for obtaining parallelepiped-shaped samples. The resulting sizes of the samples were about, width: 5 mm, thickness: 0.7 mm and length: 25 mm. The homogenised samples were parallelepipeds of about the same dimensions.
Measurements 2.2.1 Mechanical spectroscopy
MS measurements were carried out using an inverted torsion pendulum working at resonant frequencies between 0.2 and 40 Hz for free-decaying vibrations. 16, 17) The oscillations were recorded with an optical system involving a mirror and a photodiode. Measurements were done under argon atmosphere at normal pressure. The device is driven automatically by means of a closed loop computer-controlled setup.
MS measurements were performed following subsequent heating and cooling runs on each sample. A heating run and its following cooling run is called a thermal cycle. The final temperature of each heating run was increased by about 25 K, starting from 553 K up to 763 K. Details of the thermal cycles and their nomenclature are given in Table 1 .
The heating rate for each run-up in temperature, T, was 1 K min À1 . In each thermal cycle after reaching the maximum temperature, the furnace of the pendulum is removed and simultaneously an argon flux is operating in the environment of the sample. The cooling run consists of two cooling stages, due to the high thermal inertia of the system for temperatures close to RT. The first involves cooling from the highest temperature reached during the cycles down to 400 K and the second is from 400 K down to RT. The average cooling rates were 14 and 3 K min À1 , respectively. 7, 11) During the run-up in temperature, damping (Q À1 ), was calculated from the slope of the straight line which results from the least squares fitting of the natural logarithm of all the decaying areas versus time, such that
where A n is the area of the n th decaying oscillation, A 0 is the initial area of the first decaying oscillation and n is the number of periods. For all these measurements the same initial and end values of the decaying amplitudes were used, eliminating some possible distortion due to amplitude dependent damping (ADD) effects. 15, 17) The maximum strain on the surface of the sample was 5 Â 10
À5 . Damping as a function of the maximum strain amplitude on the sample, " 0 , was calculated from eq. (2) 18)
The decay of the oscillations were realised at constant temperature (T AE 0:5 ). Polynomials were fit to the curve of the decaying areas of torsional vibrations as a function of the period number by means of Chi-square fitting. Subsequently, eq. (2) was applied. Polynomials of order higher than 1 indicate that Q À1 is a function of " 0 , due to the appearance of ADD effects. This procedure allows obtaining the damping as a function of the maximum strain (" 0 ) from free decaying oscillations. [17] [18] [19] [20] The order of fitted polynomials was smaller than 3.
There exists a relation between the elastic shear modulus, G, and the square of the natural oscillating frequency, f . This relation for the case of a bar of rectangular section is: 16, 17, 21) G ¼ ð2%Þ 2 f 2 lII
where k is a constant which depend on the ratio b=a, II is the moment of inertia of the oscillating system, l is the length of the sample and a and b are the half thickness and width of the sample, respectively. The damping and the elastic modulus were calculated with an error less than 2%.
Positron annihilation lifetime spectroscopy
Positron annihilation lifetime measurements, PALS, were performed by a conventional fast-fast timing coincidence system with a resolution (full width at half maximum) of 240 ps. As positron source a 22 NaCl source of about 15 mCi evaporated onto a thin Kapton foil (1.1 mg cm À2 ) was used. The lifetime spectra were analysed with the computer program POSITRONFIT. 22) As we have only one sample corresponding to each particular annealing temperature and deformation degree, the positron source was sandwiched between the sample under study and a well-annealed Al sample. To obtain the source correction two well-annealed (5N) Al and Mg samples were used. In order to extract the correct source correction, one lifetime was fixed to 382 ps, i.e. the value currently assigned to the Kapton foil. 23) To obtain satisfactory fits a very long component of about 1.5 ns and with low intensity originating very probably from surface effects was needed. Therefore, the fixed lifetime/intensity values used as source correction to fit the spectra in this work were: the Al contribution to the spectra: 165 ps/41.5%, the Kapton-source contribution: 382 ps/16% and 1.5 ns (1%). The number of counts on all measured spectra was always around 3 million counts. After subtraction of the source contribution only one component gave satisfactory fits to the spectra.
The positron lifetime values shown in Table 3 represent the arithmetic mean of three measurements. In all the cases the deviation between the three measurements was within the error of the average positron lifetime, amounting to 0.5 ps. Samples used in the PALS study were obtained from the same cylinder from where the samples for MS tests were taken. 3. Results and Discussion 3.1 Mobility of dislocations within the 500 K-700 K temperature range 3.1.1 The 1% plastically deformed samples Figure 1 (a) shows the damping spectra measured during the heating part of the different thermal cycles for homogenised samples and for 1% deformed samples at 300 K and at 643 K. In Fig. 1 , for each spectrum, it is plotted for clarity only one point of every three measured experimentally. For the same reason only some spectra of the whole set of the experimental data are plotted in Fig. 1 . The curves shown in the plot are those corresponding to the thermal cycles where changes in the sample behaviour appeared, as a way to highlight their differences.
As it can be seen from Fig. 1(a) , the damping values for homogenised and for deformed samples at 643 K are smaller than the values measured for deformed samples at 300 K; in the whole measured temperature range. Moreover, the values of the damping curves corresponding to deformed samples at 643 K and to the homogenised ones overlap and show no differences.
The damping spectra measured for the 1% deformed samples at 300 K during the successive thermal cycles from the thermal cycle #1 up to cycle #5 (1-300-05-633K, diamonds in Fig. 1(a) ), do not show appreciable differences between them. However, within the temperature interval between around 500 K and 650 K, the damping curves for thermal cycles performed up to higher temperatures than 633 K start to decrease as it increases the maximum temperature reached in the preceding thermal cycle. Nevertheless, at higher temperatures than around 650 K the background curves overlap and show no influence with the maximum temperature reached in the previous cycles, see curves 1-300-08-703K (full inverted triangles) and 1-300-10-763K (empty circles) in Fig. 1(a) .
The decrease in the damping spectra which appears in the 1% deformed samples at 300 K, for thermal cycles performed at temperatures higher than 633 K (cycle 1-300-05-633K), cannot be related to a decrease in the intensity of a hidden damping peak appearing at temperatures of around 600 K. Indeed, in WE43 alloy a decrease in damping at around 500 K-550 K for thermal cycles performed up to around 643 K appeared, due to the decrease in the intensity of the solute grain boundary peak of magnesium. This decrease is due to the depletion of solute atoms during the development of the P1 precipitates. 11, 12) Using cubic polynomials by means of Peak Fit V.4 software 24) to fit the damping spectra of Fig. 1(a) , we can conclude that only a damping background monotonously increasing with temperature is appearing without any damping peak overlapped. Figure 1(b) shows the spectra 1-300-07-673K and 1-300-08-703K after the subtraction of the background. It can be easily deduced, from this Fig. 1(b) , that the damping curves in Fig. 1(a) for the 1% deformed sample at 300 K are related only to the physical phenomenon of the background damping. In fact, the values shown are close to the zero value of damping, indicating that a relaxation peak is not hidden.
The above mentioned decrease in the damping curves can be related to the decrease in the density of free dislocations within the temperature range between 550 K and 650 K, promoted by a recovery process of the structure. [13] [14] [15] 25, 26) In contrast, at temperatures higher than 650 K, in all the thermal cycles, the amount of mobile dislocations should re-increase. Amplitude dependent damping, ADD, studies corroborate that for temperatures higher than 650 K new dislocation are moving.
We have studied the behaviour of the ADD curves for all used samples, as a function of the temperature for each heating run during all the successive thermal cycles of Table 1 . The strength of the ADD effect is characterised by the parameter S, defined by S ¼ ÁQ À1 =Á" 0 . This parameter is the slope of the curve of the damping as a function of strain. 18) Figure 2 shows only some curves of the whole group of damping against maximum strain amplitude curves calculated by means of eq. (2). Measurements were performed at different (constant) temperatures, for the heating run of cycle #8, in the 1% deformed sample at 300 K (1-300-08-703K). Table 1 ), for homogenised and for 1% plastically deformed samples at 300 K and 643 K. (b) Damping as a function of temperature of the spectra in Fig. 1(a) after subtraction of the damping background, see explanation in the text. Figure 3 shows the S parameter as a function of temperature measured for the 1% deformed samples at 300 K and 643 K, during the different thermal cycles. S curves shown in the plot correspond to the thermal cycles where changes appear in the behaviour of the sample. S curves for cycles #1 to #7 overlap between them. Moreover, all S curves in the cycles for the homogenised samples overlap with the S curves of the 1% deformed samples at 643 K. Therefore they were not plotted for clarity. As it can be observed in Fig. 3 , S curves start to increase strongly at about 650 K, the increase being larger for samples deformed at 300 K. It means that from 650 K upwards, the degree of bowing of the dislocations until the break-away during their movement has increased. 27, 28) The temperature, where the slope of S increases (650 K) is around 100 K higher than the temperatures where the grain boundary relaxation in WE43 alloy appears. 7, 8, 11, 12, 29, 30) The damping peaks related to the grain boundary relaxation happen between 450 K and 550 K. The temperatures of these peaks are approximately the followings: 450 K for the solvent grain boundary peak, 500 K for the solute grain boundary peak and 550 K for the grain boundary peak related to particles or obstacles at the grain boundaries. Therefore, at temperatures of around 650 K, i.e. 100 K higher than those where the grain boundary relaxation happens, the grain boundaries have high mobility injecting in to the structure new dislocations in movement. In fact, the increase in the mobility of the grain boundaries with the increase in temperature also leads to an increase in the mobility of the dislocations at the grain boundaries. The mobile dislocation lines which produce ADD are the free dislocation lines pinned between strong pinning points. An increase in temperature leads to an increase in the mobility of the dislocations and then, the dislocations bow-up over larger distances. This makes possible the interaction with weak pinning points increasing the S parameter. [17] [18] [19] 31) It should be commented that in ADD measurements, dislocations are only forced to overcome weak obstacles as very fine precipitates or solute atoms and not strong obstacles, as coarser precipitates or other dislocations. [17] [18] [19] 31) Therefore, even if the quantity of mobile dislocations contributing to the background has decreased due to the recovery after the annealing at the maximum temperature of each run up (see Fig. 1 ), within 550 K and 650 K; when the sample is heated over 650 K new dislocations located at the grain boundaries start the viscous movement, involving break-away and contributing to the background damping.
The above consideration proposing the recovery of the alloy is in agreement with the changes in the modulus measured at RT after the annealing during the MS tests, see Table 2 . The behaviour of the elastic modulus during the thermal cycles for the homogenised sample is in agreement with previous reported works for WE43 alloys. 11) In fact, the value of the shear modulus at RT for the homogenised sample is 10.5 GPa and an increase of about 3% appears after thermal cycles up to around 653 K. This is due to the development of the precipitation processes both at 423 K and 643 K. For thermal cycles performed at higher temperatures, the modulus remains rather similar, due to that the maximum temperature reached during the thermal cycles is not high enough for the reversion of the P1 precipitates, see Table 2 .
The 1% deformed sample at 300 K exhibits a similar degree of modulus increase as the homogenised sample up to the thermal cycle #5 (1-300-05-633K), which could be related to the development of the P1 precipitates. Indeed, the value of G at RT after plastic deformation was 18.4 GPa and at the beginning of the cycle #5 the modulus was 19.1 GPa. However, for thermal cycles performed up to higher temperatures, a decrease in the value of the modulus occurs. The smallest value of softening was found for the last thermal cycle (1-300-10-763K), G ¼ 18:6 GPa. This softening of the alloy after heating at temperatures higher than 633 K, (cycle #5), is in agreement with the decrease in the damping background observed in Fig. 1(a) for the next thermal cycles after the cycle #5. The softening of the alloy is related to the recovery of the structure by annealing during the MS tests. Indeed, the recovery involves the annihilation and rearrange- Fig. 2 Damping against the maximum strain on the surface of the sample for different constant temperature, measured during the heating run of test 1-300-08-703K (thermal cycle #8 for the 1% deformed sample at 300 K). Fig. 3 S parameter as a function of temperature measured during heating for different thermal cycles (see Table 1 ), for 1% plastically deformed samples at 300 K and 643 K. S values for homogenised samples are overlapped to the ones for the hot worked samples, see explanation in Section 3.1.1.
ment of dislocations which lead to a small dislocation density and consequently to small values of the damping background, see Fig. 1(a) . We can summarise the effects in the 1% deformed samples at 643 K as follows: (a) Samples show similar damping spectra ( Fig. 1(a) ) and S curves (Fig. 3) during the successive thermal cycles, independently of the reached maximum temperature. (b) For samples deformed at 643 K Q À1 and the S curves were smaller than Q À1 and S curves measured for samples deformed at 300 K, respectively. (c) The damping spectra and the S curves of the samples deformed 1% at 633 K exhibit a similar behaviour than those of the homogenised samples, see Figs. 1(a) and 3. (d) Samples deformed 1% at 643 K exhibit the highest shear modulus. Indeed, in the asdeformed state G is 22.3 GPa. After thermal cycles during the MS tests, a modulus increase of about 5% occurs. This hardening happens after the annealing during the thermal cycle #6 (G ¼ 23:5 GPa), which could be controlled by the development of P1 precipitates. However, for thermal cycles performed at higher temperatures than 673 K a slight decrease in the shear modulus appears, see Table 2 .
The behaviour above could indicate that some dynamical recovery has occurred during the plastic deformation process at high temperature (hot working). As it was previously mentioned, during recovery the annihilation and rearrangement of dislocations take place. This leads to a decrease in the values of the damping background and in the curves of the parameter S.
Hot working at 643 K is inside the ''high homologous temperature range'' (about 50% of the absolute melting temperature). The assumption of a structure dynamically recovered is in agreement with the results of positron annihilation lifetime spectroscopy. In fact, the concentration of vacancies, Cv, calculated from PALS, Table 3 , indicates that the structure is annealed-out. We are considering the annealed-out state when the concentration of vacancies is below the threshold value which can detect the equipment, 0.1 ppm. In magnesium, a HCP metal, the slip plane is the basal ones and the high temperature movement of dislocations is controlled by the climbing of dislocations mediated by vacancy diffusion. 32) In that sense during the plastic deformation process, the vacancies were consumed during the dislocation movement.
It should be pointed out, that a decrease in the parameter S like the one observed in the samples deformed at 643 K with respect to the samples deformed at 300 K, could be also related to a reduction in the density of obstacles interacting with the dislocations, at temperatures higher than 650 K. Nevertheless, this assumption cannot be right in this case, because a reduction in the quantity of obstacles (dissolution of fine precipitates or disappearance of solute atoms due to precipitation) for temperatures higher than 650 K, would produce a decrease in S or a change in the dependence of S with temperature. We did not observe these changes in the MS measurements for samples deformed at 643 K and annealed up to 763 K. Also, we did not observe any increase in the damping of the background for samples deformed at 643 K and annealed between 703 K and 763 K, as it should had happen if the assumption was true, see Fig. 1(a) . Figure 4 (a) shows the damping spectra measured for homogenised and for 10% deformed samples both at 300 K and at 643 K, during the heating runs of different thermal cycles. The damping spectra corresponding to the homogenised samples are again plotted in this Figure for Damping spectra of the 10% deformed sample at 300 K show a background monotonously increasing with temperature until cycle #7 (10-300-07-673K, empty squares in Fig. 4(a) ). In thermal cycle #8 (10-300-08-703K, empty circles) a damping peak develops within the temperature range of around 550 K-650 K. Increasing the temperature of annealing during the successive thermal cycles, the background damping decreases, see cycles #9 (empty triangles) Table 2 Elastic shear modulus at room temperature for the homogenised and plastically deformed samples, calculated from eq. (3). Values shown are those where changes appears during the successive thermal cycles. and #10 (diamonds). Lines joining points in Fig. 4 are only a guide for the eyes. The background for the curve 10-300-08-703K was subtracted using cubic polynomials (Peak Fit V.4 software 24) ). After this, it can be observed a clear damping peak, see Fig. 4(b) . In addition, during the cycle #9, this damping peak disappears.
The 10% plastically deformed samples
The value of the shear modulus for the 300 K deformed samples, increases as the maximum temperature during the thermal cycle increases. For the sample deformed at 300 K, between the cycles #1 (8.4 GPa) and #8 (10.3 GPa) this increase is about 20%, which is larger than the hardening measured for the 1% deformed samples, see Table 2 . Moreover, during heating in cycle #9 (10-300-09-733K) the modulus increases up to 14.2 GPa ( Table 2) .
The behaviour of the damping and modulus in 10% deformed samples at 300 K can be summarised as follow: (a) During the heating run in cycle #8 the damping peak appears, see Figs. 4(a) and 4(b) . (b) In the next heating run (cycle #9), after heating up to 703 K during cycle #8, the damping peak disappears and the modulus increases strongly with respect to the first run in temperature (10-300-01-553K), see Table 2 and Fig. 4(a) . (c) The damping background during the heating run #9 has decreased markedly. Therefore, we can relate this behaviour to a recrystallisation process, in agreement with previous reported works. [33] [34] [35] In fact, the strong increase in the modulus after heating run #8 can be explained by the appearance of internal stresses due to the growth of newly oriented strain-free grains. This process starts when the damping peak during heating run #8 develops, i.e. the damping peak is indicating the beginning of the recrystallisation. During recrystallisation, the dislocations of the matrix are absorbed by the grain boundaries. They are decomposed into infinitesimal dislocations, diffuse rapidly and annihilate with similarly absorbed dislocations of opposite sign. 28) Therefore, we can assume that at around 700 K the recrystallisation temperature for WE43 alloy occurs. This temperature is in agreement with both: (a) The values reported for the recrystallisation temperature for the AZ system (Mg-Al-Mn-Zn) and Mg-Mn alloy 2) and (b), The temperature for the grain boundary relaxation in magnesium. Indeed, at temperatures below the ones corresponding to the grain boundary relaxation, i.e. between about 450 K-550 K, the grain boundary mobility is small. In contrast, at temperatures higher than those for the grain boundary relaxation, the mobility of grain boundaries and dislocations is larger and then recrystallisation takes place. 26, [34] [35] [36] [37] This temperature (700 K) is similar to the recovery temperature deduced from the 1% deformed samples at 300 K. Results show that the line of the distinction between recovery and recrystallisation is sometimes difficult to define, because recovery plays an important role in nucleating recrystallisation. 36, 37) Nevertheless, it is interesting to point out that the recovery and the recrystallisation are generally considered as two different phenomena. For instance, in an isothermal annealing, the rate of recovery decreases as the annealing time increases. In contrast, the process of recrystallisation is rather different, because it develops through a nucleation and growth process. 32, 36) Figure 5 shows the behaviour of the curves S obtained from ADD studies in the 10% plastically deformed samples at 300 K. All S curves for thermal cycles up to cycle #8 (10-300-08-703K, empty circles) overlap. However, the S curves as a function of temperature are smaller for thermal cycles performed at higher temperatures than 703 K (cycle #8). They reach the smallest values during the cycle 10-300-10-763K (empty diamonds). This indicates that the strength of the ADD has decreased for thermal cycles performed at higher temperatures than 703 K. This is in agreement with the increase in the internal stresses into the WE43 matrix due to the growth of new strain-free grains, which led to the strong increase in the shear modulus (see Table 2 ). In fact, the increase in the internal stresses, decreases the capability of dislocation to move. Then, the bow-up of dislocations is smaller and consequently the break-away of the dislocations from the weak pinning points is also smaller. 27, 28) Moreover, we cannot relate the decrease in the S curves for thermal cycles performed up to higher temperatures than 703 K, with a decrease in the quantity of interacting obstacles which pin the dislocations, because the damping curves are also decreasing when the maximum temperature of the thermal cycle increases (see Fig. 4(a) ).
On the other hand, the behaviour of the damping for the 10% deformed samples at 643 K, Fig. 4(a) , shows a decrease in the background during the whole thermal cycles. This decrease is smaller than the one exhibited for the 10% deformed sample at 300 K. In this case, we cannot resolve a damping peak on the damping curves measured for 10% deformed samples at 643 K. Besides this, the elastic modulus for these samples, Table 2 , shows an increase of about 10% and all the S curves overlap. See Table 1 for the details in the thermal cycles. In Fig. 5 only the curve for the cycle #9 is shown (10-643-09-733K). The behaviour of this S curve for the hot worked sample is similar to the one shown for the sample deformed 10% at 300 K (10-300-10-763K). These results are in agreement with the behaviour of the elastic shear modulus which takes similar values for the samples deformed at 300 K after recrystallisation and for samples deformed at 643 K, see Table 2 .
PALS measurements reveal that the concentration of vacancies for the 10% deformed samples at 643 K is below 0.1 ppm and so we can consider the vacancy structure annealed out, see Table 3 . Therefore, these experimental results indicate that the samples deformed 10% at 643 K have recrystallised dynamically during the plastic deformation process at high temperature. This conclusion is in agreement with the low values of the stacking fault energy of the magnesium. 13) 3.2 Mobility of dislocations within the range from room temperature up to 550 K We will relate in this Section the behaviour of the damping with the concentration of vacancies and with the density of dislocations for all the samples utilised in the present work. In the next paragraph we will summarise briefly the behaviour of the damping for the samples that we have tested, see Figs. 1 and 4.
The curves which correspond with the smallest value of the damping were obtained from the homogenised and from the samples deformed 1% at 643 K. Damping values for samples deformed 1% at 300 K are larger than the before mentioned ones, but smaller than for the samples deformed 10% at 300 K. The damping in the 10-300-10-763K test is similar as that measured for samples deformed 1% at 300 K. Samples deformed 10% at 643 K show similar damping curves but with slightly higher values than those in the test 10-300-10-763K (see Fig. 4(a) ). Figure 6 shows the behaviour of the S parameter at lower temperatures than those studied in the previous sections for the 1% and 10% samples deformed at 300 K. Samples which were hot worked do not show ADD effects, leading to S ¼ 0 within the plotted temperature range. They are not plotted in the Figure for clarity. In addition, the behaviour of parameter S for the homogenised sample is very similar to the one exhibited for the 10% plastically deformed sample at 300 K. It is not also plotted in the Figure for clarity. As it can be seen from the Figure, the strength of the ADD at RT is larger for the sample deformed 10% at RT than for the deformed 1% at RT. However, increasing the temperature during the first thermal cycle both curves present values near zero. During the second cycle, S equals zero within the plotted temperature range. The higher values of S at RT for the sample deformed 10% at 300 K are in agreement with a larger quantity of both vacancies and dislocations produced in this sample after the deformation process. Indeed, larger quantity of vacancies enhances the dislocation mobility and a higher value of S is reasonable to be expected, since more dislocations move by break-away from the weak pinning points.
The decrease in S, shown in Fig. 6 , could be controlled by the decrease in the quantity of vacancies out of thermodynamic equilibrium, promoted by the plastic deformation, up to 500-550 K. This decrease in the quantity of vacancies leads to a decrease in the mobility of the dislocations. This for different thermal cycles (see Table 1 ), for 10% plastically deformed samples at 300 K and 643 K. Fig. 6 S parameter as a function of temperature measured during heating for the first and second thermal cycles (see Table 1 ), for 1% and 10% plastically deformed samples at 300 K. S values for hot worked samples are zero, see explanation in the text.
argument is in agreement with both: (a) A previous work performed in unalloyed magnesium where it was found that the excess of vacancies out of thermodynamic equilibrium, produced by quenching, are consumed at about 420 K. This produced a strong decrease in the mobility of grain boundaries and dislocations. 7) (b) The fact that the hot worked samples which have a structure completely annealed (see Table 3 ) have values of S equal to zero.
Once the excess of vacancies promoted by the plastic deformation at RT are consumed during the first thermal cycle, S parameter becomes zero within the plotted temperature range. It is because the mobility of dislocations is smaller. S values different to zero in Figs. 3 and 5 , reappear at higher temperatures of around 650 K, where new vacancies in thermal equilibrium are generated increasing the dislocation mobility. The results for the unalloyed magnesium are also in agreement with previous results, where a temperature higher than 500 K was reported for the generation of new vacancies which assist the dislocation movement. 7) We can say, as summary for this Section, that the excess of vacancies out of thermodynamic equilibrium produced by plastic deformation at RT, are consumed up to around 550 K, leading to a decrease in the mobility of dislocations in WE 43 alloys. The damping spectra in this deformed alloy and consequently the mobility of dislocations at temperatures over 550 K, is assisted by the new vacancies in thermal equilibrium generated during heating in the MS tests.
Conclusion
Samples deformed plastically 1% at 300 K exhibit recovery at around 630 K and the density of mobile dislocations decreases between 550 K and 650 K. For temperatures higher than 650 K, new dislocations located at the grain boundaries start their movement involving thermally activated breakaway. This movement is assisted by new vacancies in thermal equilibrium generated during the mechanical spectroscopy test.
The mobility of dislocations in samples deformed 1% at 643 K (these samples exhibit dynamic recovery during the hot working) is similar to the dislocations mobility in homogenised samples. This happens, even if the amount of vacancies in non-equilibrium produced by quenching or hot working, are very different.
Samples deformed 10% at 300 K exhibit recrystallisation at around 700 K. During recrystallisation the density of mobile dislocations decreases and the movement of dislocations by means of thermally activated break-away also decreases. This is a consequence of the development of internal stresses during the growth of new strain free grains. In addition, samples deformed 10% plastically at 643 K exhibit dynamic recrystallisation during the hot working process.
The excess of vacancies generated by plastic deformation at room temperature is consumed up to around 550 K. New vacancies in thermal equilibrium assist the movement of dislocations and grain boundaries after their creation at around 650 K.
